Microglia are known to invade the mammalian spinal cord (SC) at an early embryonic stage. While the mechanisms underlying this early colonization of the nervous system are still unknown, we recently found that it is associated, at least partially, with the ability of microglia to proliferate at the onset of motoneuron developmental cell death and of synaptogenesis in mouse embryo (E13.5). In vitro studies have shown that the proliferation and activation of adult microglia can be influenced by the purinergic ionotropic receptor P2X7 via a coupling with Pannexin-1. By performing patch-clamp recordings in situ using a whole-mouse embryonic SC preparation, we show here that embryonic microglia already express functional P2X7R. P2X7R activation evoked a biphasic current in embryonic microglia, which is supposed to reflect large plasma membrane pore opening. However, although embryonic microglia express pannexin-1, this biphasic current was still recorded in microglia of pannexin-1 knock-out embryos, indicating that it rather reflected P2X7R intrinsic pore dilatation. More important, we found that proliferation of embryonic SC microglia, but not their activation state, depends almost entirely on P2X7R by comparing wild-type and P2X7RϪ/Ϫ embryos. Absence of P2X7R led also to a decrease in microglia density. Pannexin-1Ϫ/Ϫ embryos did not exhibit any difference in microglial proliferation, showing that the control of embryonic microglial proliferation by P2X7R does not depend on pannexin-1 expression. These results reveal a developmental role of P2X7R by controlling embryonic SC microglia proliferation at a critical developmental state in the SC of mouse embryos.
Introduction
Microglia are the resident immune cells of the CNS, which begin to colonize at early embryonic developmental stages (MarinTeva et al., 1998; Dalmau et al., 2003; Billiards et al., 2006; Rigato et al., 2011) . In the mouse embryo, the colonization of the spinal cord (SC) by microglia involves several processes, including microglia proliferation at the periphery of the parenchyma (Rigato et al., 2011) . Remarkably, microglia accumulate in the motoneuron (MN) area at 13.5 d of embryonic age (E13.5), a time at which they reach an activated state, proliferate, and phagocyte dying MNs (Rigato et al., 2011) . However, the molecular mechanisms underlying microglia proliferation during SC invasion in the embryo remain unknown. In addition it is unclear whether the proliferation and the activation state of microglia are controlled by the same signals and mechanisms at this early developmental stage. In the adult, in vitro studies have shown that a number of factors, among which purinergic receptors, such as P2X7R (Monif et al., 2009) , evoke both microglia activation and proliferation (Kettenmann et al., 2011) . While P2X7R, in addition to P2X4R and P2X1R, is also expressed by embryonic microglia (Xiang and Burnstock, 2005) , its functions remain unknown at these developmental stages. In the adult, P2X7R is involved, in addition to microglia activation and proliferation, in a variety of important effector functions of microglia (Kettenmann et al., 2011) , including the release of interleukin (IL)-1␤, IL-1␣, and TNF-␣ (Ferrari et al., 1997; Hide et al., 2000; Brough et al., 2002; Mingam et al., 2008) . A remarkable feature of P2X7R is that it promotes the formation of a large pore permeable to hydrophilic moieties up to 900 Da (Surprenant et al., 1996) , which has been proposed to evoke IL-1␤ release, to mediate P2X7R effects on the Descartes, France) and by Micaela Galante (IBBMC, CNRS UMR 8619, France). Pfizer mice were preferentially used instead of GlaxoSmithKline mice for patch-clamp recordings and for studying microglia cell activation and proliferation, since a P2X7R variant can still be expressed in GlaxoSmithKline homozygous P2X7RϪ/Ϫ mice (Nicke et al., 2009 ). P2X7Rϩ/Ϫ mice were obtained by crossing C57BL/6 P2X7RϪ/Ϫ Pfizer mice with C57BL/6ϩ/ϩ mice. Briefly, Pfizer mice were constructed by a deletion in the region containing amino acids 506 -532, followed by insertion of a neomycin cassette in a 3Ј to 5Ј direction. The GlaxoSmithKline P2X7RϪ/Ϫ mice have a lacZ gene inserted at the beginning of the exon 1 region of the P2X7R gene. We also used Pannexin-1-targeted homozygous C57BL/6N mice from KOMP (Guan et al., 2010) . Disruption of Panx1 was generated by insertion of a trapping cassette splice acceptor-␤-geo-polyA flanked by Flp-recombinase target sites within intron 2 upstream of the critical exon 3, where it tags the gene with the lacZ reporter. This creates a constitutive null mutation in the target gene through efficient splicing to the reporter cassette, resulting in truncation of the endogenous transcript (pannexin1tm1a(KOMP)Wtsi). Reverse transcription-PCR (RT-PCR) of mouse ear punches and Western blot analysis of the brain confirmed the absence of Panx1 expression in this Panx1Ϫ/Ϫ mouse (Seminario-Vidal et al., 2011) . Our immunohistochemical experiments showed a lack of Panx1 expression in the SC of Panx1Ϫ/Ϫ mouse embryos (Fig. 7B ). Primers used for PCR analysis for genotyping P2X7RϪ/Ϫ and Panx1Ϫ/Ϫ mice are listed in Table 1 . PCR results for Panx1Ϫ/Ϫ and P2X7R Ϫ/Ϫ mice are shown in Figures 6 A and 8 A, respectively.
Whole-cell recordings and analysis. The isolated SC was placed in a recording chamber and continuously perfused at room temperature (20Ϫ24°C) with oxygenated ACSF (2 ml/min). Standard whole-cell patch-clamp and voltage-clamp recordings of fluorescent microglia were made under direct visualization using an infrared-sensitive CCD video camera. In CX3CR1eGFP mice embryo, all eGFP cells localized in the SC are microglial cells (Rigato et al., 2011) . We recorded microglia localized in the ventrolateral region of the spinal since at E13.5. At this age activated microglial cells (Mac-2 staining) accumulated in the ventrolateral region close to motor columns where they proliferated at the onset of the developmental cell death of MNs (Rigato et al., 2011) . Recordings of microglia in the ventrolateral part of the SC fiber zone of Pfizer P2X7RϪ/Ϫ, of Pfizer P2X7Rϩ/Ϫ, and of Panx1Ϫ/Ϫ mouse embryos were performed using infrared microscopy. Microglia in this SC area can be easily recognized by their morphology. Their electrophysiological profile was identical to those of CX3CR1eGFP microglia (Figs. 2, 6 B, 8 B) .
Whole-cell patch-clamp electrodes were pulled from thick-wall borosilicate glass using a Brown-Flaming puller (Sutter Instrument). The tip of the electrode was fire polished using a microforge (Narishige). Patchclamp electrodes had resistances of 5-7 M⍀. For voltage-clamp experiments, the electrode was filled with a solution containing (in mM): 130 KCl, 4 MgCl 2 , 4 Na 2 ATP, 10 EGTA, and 10 HEPES (pH adjusted to 7.2 with KOH, osmolarity 290 mosmol/kg-H 2 O, equilibrium potential for chloride ions E Cl Ϸ 0 mV). In some experiments with low [Cl Ϫ ] i , the electrode contained (in mM): 113 potassium methyl sulfate, 17 KCl, 4 MgCl 2 , 4 Na 2 ATP 4, 10 HEPES, and 1 EGTA (pH adjusted to 7.2 with KOH, osmolarity 290 mosmol/kg-H 2 O, equilibrium potential for chloride ions E Cl Ϸ Ϫ40 mV). Primers P2X7  P2X7 wt-F  5Ј-GCAGCCCAGCCCTGATACAGACATT-3Ј  P2X7 wt-R  5Ј-TCGGGACAGCACGAGCTTATGGA-3Ј  NEO-F  5Ј-GCAGGATCTCCTGTCATCTCACC-3Ј  NEO-R  5Ј-GATGCTCTTCGTCCAGATCATCC-3Ј Primers Panx1 CSD-comLoxP-F 5Ј-GAGATGGCGCAACGCAATTAAT-3Ј CSD-panx1-R 5Ј-CTGGCTCTCATAATTCTTGCCCTG-3Ј CSD-panx1-wtF 5Ј-CTGTATCACACAACCACTTCAGAGAAGG-3Ј CSD-panx1-wtR 5Ј-GAGCTGACCCCTTTCCATTCAATAG-3Ј
Current fluctuations were recorded and lowpass filtered (2 kHz) using an Axopatch 1D amplifier, digitized (20 kHz) on-line using a Digidata 1322A interface card and analyzed off-line with the PClamp10 software package or the Axograph X.1.3.5 software (Axograph).
Because embryonic microglia are rapidly damaged by voltage steps, voltage-dependent currents were analyzed using 2 s voltage ramps from Ϫ100 mV to ϩ100 mV from a holding potential of Ϫ60 mV. An initial voltage step (100 ms) to Ϫ100 mV was applied before the onset of the ramp. To control the stability of the recordings, three ramps were applied at 2 s intervals. The resulting evoked currents were then averaged for analysis using the Axograph X software. In the large majority of the recordings, outward voltage-gated currents evoked by voltage ramps slowly increased with time (runup), reaching a steady state and then decreasing (rundown) as previously described in cultures of murine microglia (Eder et al., 1998) . The steady-state period lasted for 10 -15 min, being the period during which the pharmacological experiments were performed. To estimate the stability of the recordings, voltage rampevoked currents in the presence of carbenoxolone (CBX) were compared with currents evoked by voltage ramps applied 1 min before and 3 min after application of the drug. A set of three ramps (2 s time interval) was applied before, during, and after drug applications. The resulting evoked currents for each voltage ramp set were then averaged for analysis. Recordings without evidence of recovery after drug treatment were discarded.
To analyze concentration-response relationships in these conditions, different ATP concentrations were applied alternatively with 1 mM ATP to control changes in response amplitudes due to rundown (see below). The responses evoked by different ATP concentrations were compared with the responses evoked by 1 mM ATP applied before and after each test application. The amplitude of the test response was normalized to the value obtained by the sum of the amplitudes of the response evoked by 1 mM ATP before and after the test response divided by two. Normalized concentration-response curves were fitted using the Hill equation
, where I/I max is the normalized response amplitude, EC 50 is the ATP concentration producing half of the maximal response, and nH is the Hill coefficient. For each concentration tested, the amplitude of the current, I, was measured at the peak of the response.
For pharmacological experiments with P2XR antagonists, P2XR activation was evoked through application of 500 M ATP in [Ca 2ϩ ] o and [Mg 2ϩ ] o free ACSF (V h ϭ Ϫ60 mV). All experiments were performed using the first three responses elicited by ATP after inducing the enlarged inward (biphasic) current (see Fig. 3C ). The first response was used as the control, the second response was the test response, and the third response corresponded to the recovery of antagonist effects. Application of the antagonist started between the control and the test responses and ended between the test response and the third ATP application (recovery) (3 min interval between ATP applications). To determine antagonist efficiency, the amplitude of the test response was compared with the amplitude of the control response (100%). Current amplitude was measured at the peak of the responses. Recovery from antagonist block was evaluated by comparing the amplitude of the third response to the amplitude of the test response. However, when microglia were exposed to successive ATP applications after inducing a biphasic inward current, the amplitude of the following responses showed a progressive decline with time, the extent of which was similar in all microglial cells (see Results). Accordingly, such a rundown can give rise to an overestimation of the efficiency of the antagonist tested. To overcome this problem, the percentage change in response amplitude observed during the application of the antagonist was compensated according to the averaged decrease in the corresponding responses observed on different cells in the absence of the antagonist in [Ca 2ϩ ] o -and [Mg 2ϩ ] o -free ACSF (13%; see Results). Drug application and pharmacological agents. All drugs were applied using a 0.5 mm diameter quartz tubing positioned 1 mm away from the recording area (Scain et al., 2010) . The quartz tubing was connected using a manifold to reservoirs filled with a control solution or with P2X receptor agonists and/or channel blockers or P2X receptor antagonists.
Adenosine triphosphate disodium salt (Na 2 ATP), 2Ј(3Ј)-O-(4-benzoylbenzoyl) adenosine 5Ј-triphosphate triethylammonium salt (bzATP), ␣,␤-methylene ATP (␣,␤-Me-ATP), Brilliant Blue G (BBG), 4,4Ј-diisothiocyanatostilbene-2,2Ј-disulfonic acid disodium salt hydrate (DIDS), and the hemichannel blocker CBX (Gomes et al., 2005; Ma et al., 2009 ) were purchased from Sigma-Aldrich. CuCl 2 and ZnCl 2 (0.1 M stock solution) were also purchased from Sigma-Aldrich. 2Ј,3Ј-O-(2,4,6-Trinitrophenyl)adenosine-5Ј-triphosphate tetra(triethylammonium) (TNP-ATP), suramin, pyridoxalphosphate-6-azophenyl-2Ј,4Ј-disulfonic acid (PPADS), and 3- [[5-(2,3- 
A740003) were all purchased from Tocris Bioscience. Na 2 ATP, bzATP, ␣,␤-Me-ATP, BBG, CuCl 2 , ZnCl 2, TNP-ATP, suramin, PPADS, A438079, and A740003 were dissolved in the bathing solution. DIDS and CBX were dissolved in dimethylsulfoxide (0.1% final concentration). ATP solutions were prepared the day of the experiment.
Immunohistochemistry and confocal microscopy. All primary antibodies used and their dilutions are listed in Table 2 . To visualize P2X4R, we used rabbit polyclonal P2X4R antibodies (kindly provided by Francois Rassendren; CNRS UMR 5203/INSERM U661, Montpellier, France). P2X4R staining was abolished in P2X4RϪ/Ϫ mice indicating that this antibody specifically recognizes P2X4R (Sim et al., 2006) . To perform multiple staining in the SC of mouse embryos other than CXCR1eGFP mouse embryos, microglia were marked using anti-IBA1 (Wako), antiCD11b (Serotec), or anti-CD68 (Serotec) antibodies (Rigato et al., 2011) . Activated caspase-3 Asp175 antibody (Cell Signaling Technology) was used to detect apoptotic cells. The Asp175 antibody recognizes two bands of 17 and 19 kDa on Western blot corresponding to large fragments of activated caspase-3. This antibody does not recognize full-length caspase-3 or other cleaved caspases (Cheong et al., 2003) . We used a purified mouse anti-human Ki-67 antibody to determine the proliferation state of microglial cells (BD Pharmingen) (Charrier et al., 2006) . To determine to what extent microglial cells can be activated, we used a (Ho and Springer, 1982) . In GlaxoSmithKline P2X7Rϩ/Ϫ mice, we used anti-␤-galactosidase antibody (MP Biomedical) as an indirect probe to visualize cells expressing P2X7Rs. This antibody was produced by hyperimmunizing rabbits with the enzyme ␤-galactosidase from Escherichia coli. To detect Panx1 in microglia, we used a polyclonal chicken anti-mouse Panx1 antibody from Diatheva (ANT0027) (Huang et al., 2007) . Panx1 staining was no longer observed in Panx1 KO mice (Fig. 7B ). Whole embryonic SCs were fixed in 4% paraformaldehyde for 1 h at 4°C and subsequently incubated in 30% sucrose overnight at 4°C for cryoprotection. Sucrose was dissolved in phosphate buffer. After overnight incubation, the tissue was embedded in optimal cutting temperature compound (VWR) and quickly frozen to Ϫ50°C in isopentane (Sigma-Aldrich). The embedded tissue was then stored at Ϫ80°C. Fifty micrometer transverse cryosections were made using a Leica Cryostat (Leica Microsystems). Tissue sections were washed three times in PBS for 5 min, in PBS-NH 4 Cl for 20 min, and again three times in PBS for 5 min. SC sections were permeabilized with 0.2% Triton X-100 (Sigma-Aldrich) and 0.25% fish gelatin (PBS-G-T) for 1 h at room temperature, before incubation with primary antibodies (18 -20 h) at 4°C. After three washes in PBS-G-T for 5 min, sections were incubated with the secondary antibodies and with DAPI nuclear stain (Sigma-Aldrich, 1/1000) for 2 h at room temperature. Sections were washed three times in PBS for 5 min and rinsed in distilled water before addition of Mowiol 4 -88 (475904; Calbiochem). Confocal images were taken on a Leica SP5 platform (Leica Microsystems). Preparations were analyzed using a Leica SP5 confocal microscope. For quantitative analysis of microglial cells on isolated SC or in total embryo transverse sections, serial optical sections were obtained with a Z-step of l m and observed using a 20ϫ oil-immersion objective with a numerical aperture (NA) of 0.7. A Z-step of 0.3 m was performed when using a 63ϫ oil-immersion objective (NA 1.32), plus a 3ϫ digital zoom magnification. Images (1024 ϫ 1024; 8-bit grayscale) were stored using Leica software LAS-AF. Images were analyzed using ImageJ 1.41 (National Institutes of Health [NIH] ; http//rsb.info.nih.gov/ij/) and Photoshop CS3 (Adobe Software). Quantification was performed on 50-m-thick transverse sections (N ϭ 10 slices per SC) of the embryonic lumbar SC (N ϭ 3-5 SCs). Only eGFP cell bodies were taken into account. Microglial cells immunoreactive (ir) to specific antibodies were counted manually in 10 optical sections per embryo. The threshold used to determine whether a microglial cell was coimmunolabeled was set at twice the intensity of background noise measured between eGFPpositive cells.
As cleaved caspase-3 is not only detectable in the cytoplasm of dying cells but also in apoptotic bodies, as a result of cell dismantling, it was not possible to quantify the exact number of cells that were undergoing apoptosis. For this reason, we performed a statistical analysis by measuring the area fraction of anti-caspase-3 fluorescence, setting the ventral region area as constant at all SC analyzed (347 ϫ 260 m). Thirty micrometer stack images for each SC slice were made using ImageJ 1.41 (NIH; http//rsb.info.nih.gov/ij/), and then transformed into binary images on a black background, by adjusting the threshold. If necessary, the option fill holes was selected and the area fraction checkbox was checked. The percentage of white area, corresponding to anti-caspase-3 fluorescence, was calculated, permitting comparisons of area fraction of anti-caspase-3 fluorescence between wildtype and mutant P2X7R SCs. Background noise for activated caspase-3-ir was measured around the central canal.
Microglia isolation. Embryonic SCs were isolated and transferred into 2 ml Neurobasal media (Invitrogen), supplemented with N2 (100ϫ), B27 (50ϫ), L-glutamine (100ϫ), and penicillin/streptomycin (200ϫ), containing papain at a concentration of 48 U/ml (Sigma; 31 U/mg protein). After being cut into small pieces, they were incubated at 37°C for 30 min. Afterward, the tissue was allowed to settle for 5 min, the media was removed, and 1 ml of media was added. By making use of a 1 ml pipette, the tissue sections were quickly triturated 10 times. The larger pieces were allowed to settle for 2 min. Afterward, the supernatant was transferred to a fresh Falcon tube. These steps were repeated twice and the supernatants were combined. The obtained cell suspension was centrifuged at 400 g for 5 min at room temperature. The supernatant was discarded at the pellet resuspended in 1 ml fresh media. Large pieces were filtered away using a 70 m cell strainer (BD Falcon-BD Biosciences). The cell strainer was prewet with 1 ml medium; afterward another 2 ml of medium was used to rinse the cell strainer. This cell suspension was centrifuged at 350 ϫ g for 10 min at room temperature, supernatant was discarded, and the pellet resuspended at 10 ϫ 10 6 cells/ml. The microglial cell suspension was sorted out by means of their eGFP expression. The emitted fluorescence was detected using a fluorescenceactivated cell-sorting (FACS) Aria flow cytometer (BD Biosciences) equipped with a 488 nm argon-ion laser. The eGFP-positive cells were sorted out and collected. Afterward, they were centrifuged at 350 ϫ g for 10 min at room temperature and the cell pellet was washed with PBS and re-pelleted. The cell pellet was kept at Ϫ80°C until RNA isolation was performed. Then 3500 -5500 microglia were obtained per SC upon FACS sorting. Thirty-two SC were used to perform quantitative PCR (qPCR) experiments.
RNA isolation, RT-PCR, and qPCR. Total RNA was isolated using the PicoPure RNA isolation kit (Arcturus) according to the manufacturer's protocol. The RNA was reverse transcribed into cDNA with oligo(dT) 15 primers in a 20 l reaction using the Promega Reverse Transcription System. Quantitative real-time PCR (qRT-PCR) was performed in duplicate using four independent RNA samples. The cDNA was quantified using the SYBR green mix (Applied Biosystems) and Quantitect Primer Figure 2 . Voltage-activated current profile in microglia of the developing SC. Voltage-activated current was analyzed using voltage ramps ranging from Ϫ100 to ϩ100 mV over 2 s. Two different voltage-activated current patterns could be distinguished: an IrC, observed at membrane potentials lower than ϷϪ70 mV (A), and an OrC (B). C, The absence or the presence of IrC was significantly correlated ( p Ͻ 0.05) to the morphology of the recorded microglia (Fisher's exact test, p Ͻ 0.05). Confocal images (Z-stack) showing amoeboid microglia (left) and branched microglia (right) in the ventral SC area of CXCR1 EGFP mice. D, The gap junction/hemichannel blocker CBX (100 M) had no effect on the OrC ( p Ͼ 0.1). This current was 8.4 Ϯ 4.8% inhibited in the presence of 100 M CBX (N ϭ 8). CTR, Control.
Assay kit (Qiagen). Primer references are listed in Table 3 . The PCR was run in 10 l on 10 ng cDNA generated from total RNA using a 7900 HT Fast Real-Time PCR System (Applied Biosystems). Reaction conditions for the PCR amplification were 20 s at 95°C, followed by 40 cycles, each consisting of 1 s at 95°C and 20 s at 60°C. For the analysis, we used the comparative Ct method, and normalized the cycle threshold (Ct) value of each sample to the endogenous housekeeping gene hypoxanthine-guanine phosphoribosyltransferase (HPRT), which gives the ⌬Ct value of the sample. This estimates the fold change in expression of the other genes relative to the housekeeping gene. The results of the qPCR were run on a 2% agarose gel at the end of the PCR process to verify the product sizes.
Statistics. Data are presented as mean Ϯ SEM; N expresses the number of recorded cells or the number of independent experiments in each of which multiple cells were measured. Mean effects of drugs applied on the same cell or on the same group of cells were compared using nonparametric Wilcoxon rank sign test for paired data. Means for each group of cells treated in the same way were compared using the nonparametric Mann-Whitney U test for continuous and unpaired variables. Differences were considered significant at p Ͻ 0.05. Statistics were performed using GraphPad Prism 4 (2003) 
Results

P2X1R, P2X4R, and P2X7R expression in embryonic microglia
Microglia are known to express ionotropic P2X1R, P2X4R, and P2X7R in the adult (Kettenmann et al., 2011) and during substantia nigra pars compacta development (Xiang and Burnstock, 2005) . We first determined the expression of these P2XRs using qPCR in FACS-sorted microglia of E13.5 CX3CR1eGFP mouse embryonic SCs. We also investigated the expression of the mRNAs coding for Panx1 and pannexin-2 (Panx2) since P2X7R can interact with Panx hemichannels ). P2X1R mRNAs were poorly expressed when compared with P2X4R and P2X7R mRNAs. We observed a significant ( p Ͻ 0.01) 19-and 7-fold larger expression of the mRNAs coding for P2X4R and for P2X7R, respectively ( Fig. 1 A) , when compared with the expression of mRNAs coding for P2X1R. We observed a significant ( p Ͻ 0.01) 2.25-fold larger expression of the mRNAs coding for Panx1 (Fig. 1 A) , when compared with the expression of mRNAs coding for P2X1R. To the contrary, Panx2 mRNAs were poorly expressed in microglia. We observed a significant ( p Ͻ 0.01) 12.9-fold lower expression of the mRNAs coding for Panx2 (Fig. 1 A) , when compared with the expression of mRNAs coding for Panx1.
When analyzing P2X4R expression in the ventral part of the SC using immunostaining (Fig. 1 B2,C2 ,C3,D2) we observed that 63.7 Ϯ 2.2% (N ϭ 5 SCs) of microglia localized in the ventral SC expressed P2X4R. However, at E13.5, 67.8 Ϯ 1.9% (N ϭ 5 SCs) of the ventral microglia were localized in the ventrolateral region (the MN area) of the SC (Fig. 1 B1,B3) (Rigato et al., 2011) , and a significant higher proportion ( p Ͻ 0.01) of these microglia expressed P2X4R (81.3 Ϯ 2.9%; N ϭ 5 SCs) when compared with the other areas of the ventral SC (27.1 Ϯ 5.1%; N ϭ 5 SCs) ( 1 B2,D2). The MN area (12,000 m 2 ) was set as constant in all SCs analyzed as previously described (Rigato et al., 2011) . P2X4R immunostaining was mainly localized in the cytoplasm (Fig.  1 D3) , as also observed in peritoneal macrophages . Due to the lack of a specific antibody for P2X7R, we used GlaxoP2X7Rϩ/Ϫ mice, in which the LacZ gene has been inserted into the P2X7 gene, to analyze P2X7R cellular expression (Sim et al., 2004) . Double immunostaining using antibodies directed against CD11b (Fig. 1 E1,F1 .G1) to stain microglia (Rigato et al., 2011) and against ␤-galactosidase encoded by the LacZ gene ( Fig.  1 E2,E3,F2,F3,G2,G3) , showed that 77.1 Ϯ 1.6% (N ϭ 5 SCs) of microglia expressed P2X7R in the ventral part of the embryonic SC at E13.5. But as mentioned above most microglia accumulate within the ventrolateral region at E13.5 (72.2 Ϯ 1.7% of ventral microglia in this set of experiments; N ϭ 5 SCs) (Fig. 1 E1) . Moreover, 88.1 Ϯ 1.4% (N ϭ 5 SCs) of microglia localized in the ventrolateral region of the SC-expressed galactosidase while only 47.7 Ϯ 4.1% (N ϭ 5 SCs) of microglia localized in other areas of the ventral SC were immunoreactive to galactosidase antibody ( Fig. 1 E2,F2,F3,G2,G3 ), indicating that P2X7R was significantly ( p Ͻ 0.01) more likely to be expressed by microglia localized in the MN area compared with other parts of the ventral SC.
ATP evokes biphasic membrane currents in embryonic microglia that result from P2X7R activation
To evaluate the functionality of the purinergic receptors expressed at the cell membrane of microglia, we performed an electrophysiological study of embryonic microglia ex vivo using whole-cell patch-clamp. We first investigated the passive electrophysiological properties of microglia in the embryonic SC. At E13.5, microglia had an irregular cell body shape and short processes (branched microglia) or an amoeboid morphology ( (Fig.  2 A, C) . In contrast, all cells, regardless of their morphology, displayed outward rectifying current (OrC; Fig. 2 A, B) . Because outward rectification in the I/V relationship obtained on embryonic microglia (Figs. 2 A, B, 6B ) was reminiscent of that described for a Panx1 voltage-dependent current (Ma et al., 2009) , we tested the effect of the hemichannel blocker CBX (Ma et al., 2009 ) on currents evoked by voltage ramps from Ϫ100 mV to ϩ100 mV; 100 M CBX had no significant effect ( p Ͼ 0.1) on the outward rectification (Fig. 2 D) . It inhibited only 8.4 Ϯ 4.8% of the current (N ϭ 8) . This clearly indicates that the voltage-activated current in embryonic microglia does not reflect Panx1 activation.
Next, we assessed the presence of functional P2XRs. The threshold concentration of ATP to elicit a response was 0.5 mM suggesting that P2XR involved in this current had a low affinity for ATP as previously described for P2X7R ). Applications of 0.5 and 1 mM ATP evoked currents of 0.3 ϩ/Ϫ 0.1 pA/pF (N ϭ9), and of 1.21 ϩ/Ϫ 0.41 pA/pF (N ϭ5), respectively, while 3 mM ATP evoked a biphasic current of 30.7 ϩ/Ϫ 4.4 pA/pF (N ϭ 7) (Fig. 3A) . Such a biphasic response may reflect P2XR channel pore dilatation (Gudipaty et al., 2001; Shinozaki et al., 2009 ) and/or the formation of a large plasma membrane pore ATP-induced biphasic responses occurred only at the first application, while subsequent responses did not display a biphasic activation phase anymore (Fig. 3C) . These subsequent responses had a significantly ( p Ͻ 0.01) faster 20 -80% rise time (RT) (20 -80% RT ϭ 1.9 Ϯ 0.4 s; N ϭ 8) than the first response (20 -80% RT ϭ 10.1 Ϯ 1.4 s; N ϭ8). In free [Ca 2ϩ , Mg 2ϩ ] out , these values were not significantly modified ( p Ͼ 0.05): they were 13.7 Ϯ 1.3 s and 3 Ϯ 0.4 s (N ϭ 16) for the biphasic current and the subsequent responses, respectively. We also observed a small rundown of the current amplitude with time of the responses after evoking a biphasic current (Fig. 3C) . We compared the amplitude of the currents evoked after obtaining a biphasic response. When the responses were evoked on the 3 min (Fig. 3C) , Figure 4 . Whole-cell currents evoked by ATP and P2XR agonists in embryonic microglia in situ. A, A voltage ramp protocol (Ϫ100 mV ϩ100 mV; 2 s) was used to determine the reversal potential of ATP-evoked currents (inset lower right). A set of three voltage ramps from Ϫ100 to 100 mV (interval) was applied before and during the response to 3 mM ATP (inset upper left) and the resulting currents were averaged. The averaged currents evoked before ATP application were subtracted from the averaged currents evoked during ATP application to obtain the current-voltage relationship of the current evoked by ATP. In this example, 3 mM ATP evoked inward currents with a reversal potential of Ϫ3.2 mV. B, Application of ␣,␤-Me-ATP (300 M), a P2X1R and P2X3R agonist, failed to evoke a response in embryonic SC microglia (V h ϭ Ϫ60 mV). C, In contrast, bzATP (100 M), a compound acting as an agonist on P2X7Rs and also effective on P2X1Rs and P2X2Rs, induced inward currents (V h ϭ Ϫ60 mV). bzATP (100 M)evoked a current of 9 Ϯ 2 pA/pF (N ϭ 6). (Fig. 3D1,D2 ). In addition, responses evoked by application of different concentrations of ATP after evoking a biphasic current could be fitted with the Hill equation, yielding an EC 50 of 0.47 mM and a Hill coefficient of 2.6 (Fig. 3E) . Finally, ATPinduced inward current versus voltage relationship yielded a reversal potential of 3 Ϯ 3 mV (N ϭ 7) (E Cl ϭ Ϫ40 mV), indicating that ATP application caused an increase in cationic conductance (Fig. 4A) .
These functional characteristics of ATP-evoked currents are compatible with the activation of P2X4R and/or of P2X7R, but not of P2X1R (Coddou et al., 2002) . To have an estimation of the pharmacological profile of these microglia P2XRs, we then analyzed the effect of two agonists and eight antagonists on the response evoked by repetitive applications of 500 M ATP in free [Ca 2ϩ , Mg 2ϩ ] out (see Materials and Methods) . Agonist ␣,␤-Me-ATP (300 M), a P2X1R and P2X3R agonist , did not induce any current (N ϭ 4) (Fig. 4 B) unlike 100 M bzATP (N ϭ 6), a strong agonist on P2X7Rs that can also be effective on P2X1Rs and P2X2Rs, but not on P2X5Rs (Fig.  4C) . TNP-ATP (10 M), a potent antagonist at concentrations Ն2 M on P2X1R, P2X2R, P2X3R, P2X4R , and on P2X4/P2X7R (Guo et al., 2007) , (Fig. 5 A, L) and 10 M PPADS (Fig. 5 B, L) being known to antagonize P2X1R, P2X2R, P2X3R, and P2X5R , and to weakly antagonize mouse P2X7R (Hibell et al., 2001) , had no significant effect ( p Ͼ 0.1) on the ATP-evoked response, while 50 M PPADS significantly ( p Ͻ 0.01) blocked (Ϸ70%) the response evoked by ATP (Fig. 5C,L) . Similarly, 20 M suramin, being known to fully antagonize all P2XR except P2X4R and P2X7R , had no significant inhibitory effect ( p Ͼ 0.05) on the ATP-evoked current (Fig. 5 D, J ) , while 200 M suramin evoked a significant ( p Ͻ 0.01) Ϸ66% inhibition (Fig. 5 E, L) . We then tested the effect of Cu 2ϩ and Zn 2ϩ on ATP-evoked currents. Cu 2ϩ inhibits both P2X7Rs and P2X4Rs whereas Zn 2ϩ increases the activity of P2X4R and is virtually without effect on rat P2X7R expressed in oocytes (Coddou et al., 2002) or fully blocks the activity of these two receptors expressed in transfected human embryonic kidney (HEK) cells (Liu et al., 2008) . Then 50 M Cu 2ϩ evoked a significant ( p Ͻ 0.01) Ϸ77% inhibition (Fig. 5 F, L) , while ATP-evoked responses were insensitive to 50 M Zn 2ϩ (Fig. 5G,L) . Although this pharmacological profile was apparently consistent with P2X7R expression, 1 M BBG, known to fully antagonize P2X7R (Jiang et al., 2000) , had no significant effect ( p Ͼ 0.1) (Fig. 5 H, L) , whereas 10 M BBG, known to also inhibit P2X4R (Jiang et al., 2000) , evoked a significant ( p Ͻ 0.01) Ϸ79% inhibition (Fig. 5 I, L) . Accordingly, this pharmacological profile of ATP-evoked current did not allow discriminating clearly between P2X4R and P2X7R. To further address this issue we analyzed the effects of A438079 and A740003, two novel highly selective P2X7R antagonists (Donnelly-Roberts et al., 2009 ). Three (data not shown) and 10 M (Fig. 5J ) A438079 resulted in significant (p Ͻ 0.01) Ϸ87 and Ϸ100% inhibition, respectively (Fig. 5L ), while 3 (data not shown) and 10 M (Fig. 5K ) A740003 resulted in significant (p Ͻ 0.01) Ϸ76 and Ϸ97% inhibition, respectively (Fig. 5L) . These results are consistent with the hypothesis that ATPevoked currents were due to the activation of P2X7R on embryonic SC microglia. To confirm this hypothesis, we then compared the effect of ATP on microglia in the isolated SC of E13.5 P2X7RϪ/Ϫ and P2X7Rϩ/Ϫ mouse embryos. In microglia of P2X7RϪ/Ϫ embryos, the current evoked by a voltage ramp in microglia curve displayed both inward and outward rectifications as observed in wild-type (Fig. 6 B) , but the application of 3 mM ATP evoked a very small transient inward current (Յ1 pA/pF; N ϭ 5) only (Fig.  6C1) , whereas it was larger and showed a biphasic activation time course in the SC of P2X7Rϩ/Ϫ embryos (N ϭ 7) (Fig. 6C2) as observed in C57BL/6 CX3CR1eGFPϩ/Ϫ mouse embryos. The current density in P2X7RϪ/Ϫ was significantly (Ϸ16 times) smaller ( p Ͻ 0.01) than the current measured in P2X7Rϩ/Ϫ (N ϭ7) (Fig. 6C3) .Together, these results demonstrate that ATP-evoked biphasic current in embryonic microglia requires the expression of P2X7R.
P2X7R activation does not need Panx1 expression to generate a biphasic current
Large biphasic currents evoked in response to ATP might result from the interaction between P2X7R and Panx1 ). Embryonic microglia express both Panx1 mRNAs (Fig. 1 A) and proteins, as shown by immunohistochemistry (Fig. 7A) ; 61.2 Ϯ 3% (N ϭ 5 SCs; 249 -282 cells tested per SC) of the microglia located in the ventral area of the SC were immunoreactive to the Panx1 antibody. Panx1 staining was not observed in SC microglia of E13.5 Panx1Ϫ/Ϫ mouse embryos (Fig. 7B) . Microglia obtained from Panx1Ϫ/Ϫ still express the voltage-dependent current (N ϭ 5) observed in wild-type (Fig.  2 A, B,D) , further supporting its independence on Panx1 expression (Fig. 8 B) . To determine to what extent the biphasic currents evoked by ATP applications might reflect Panx1 opening, we first tested the effect of two putative hemichannel blockers, DIDS and CBX ( of CX3CR1eGFP mouse embryos. High concentration (100 M) of DIDS had little but significant ( p Ͻ 0.01) effect (20 -30% inhibition) on ATP-evoked current whereas 100 M CBX had no significant effect ( p Ͻ 0.1) on ATP-evoked current (Fig.  8C1,C2,C3 ). Because the pharmacological profile of Panx1 could have been modified by its interaction with P2X7Rs (Ma et al., 2009) , we then determined whether ATP could evoke a biphasic response on microglia of Panx1Ϫ/Ϫ embryos (Fig. 8 D) , although 3 mM ATP still evoked biphasic currents (27.7 Ϯ 3.5 pA/pF; N ϭ10), indicating that the biphasic response to ATP did not reflect functional coupling of P2X7R to Panx1.
Embryonic microglia proliferation requires the expression of P2X7R but not of Panx1
P2XRs have been proposed to promote both microglia activation and proliferation (Monif et al., 2009 ). At E13.5, microglia in the ventral area of the embryonic SC proliferate while they are activated when interacting with apoptotic MNs (Rigato et al., 2011) . To determine whether P2X7R is involved in these processes, we compared KI67 staining (a proliferation marker) and Mac-2 staining (an activation marker for microglia) on microglia at E13.5 in the ventral SC area of P2X7RϪ/Ϫ, P2X7Rϩ/Ϫ, and wild-type mouse embryos (Figs. 9A-C, 10A, B) . Because microglia activation within the lateral motor column was associated with MN developmental cell death at E13.5 (Rigato et al., 2011) , we also determine to what extent MN developmental cell death was altered in P2X7RϪ/Ϫ mouse embryos using activated caspase-3 immunostaining (Fig. 10C) . The proportion of proliferating microglia (KI67 staining) was dramatically decreased in P2X7RϪ/Ϫ mouse embryos (2.1 Ϯ 0.4%; N ϭ5) when compared with P2X7Rϩ/Ϫ mouse embryos (25.4 Ϯ 1.5%; N ϭ 5) ( p Ͻ 0.01) or to P2X7Rϩ/ϩ mouse embryos (26.9 Ϯ 0.8%; N ϭ 5) (Fig. 6 A-C) . The difference between P2X7Rϩ/Ϫ and P2X7Rϩ/ϩ was not significant (p Ͼ 0.1). Accordingly, the number of microglial cells was significantly decreased (by 12.5%; p Ͻ 0.05) in the ventral area of the lumbar SC of E13.5 P2X7RϪ/Ϫ mouse embryos (225 Ϯ 3 cells; N ϭ 5) when compared with P2X7Rϩ/ϩ (257 Ϯ 5 cells; N ϭ 5). Similarly the density of microglia aggregating in the lateral motor column (LMC) at the onset of MN developmental cell death was also significantly decreased by 13.5% ( p Ͻ 0.01) in E13.5 P2X7RϪ/Ϫ mouse embryos (4.7 Ϯ 0.1 ϫ 10 Ϫ4 cells/m 2 , N ϭ 5) when compared with wild-type (5.4 Ϯ 0. 2 ϫ 10 Ϫ4 cells/m 2 , N ϭ 5). We did not find any difference ( p Ͼ 0.1) in microglia proliferation between wildtype and Panx1 Ϫ/Ϫ mice (24.8 Ϯ 0.9%; N ϭ 5) (Fig. 9C) , indicating that the control of embryonic microglia proliferation by P2X7Rs did not involve coupling of P2X7Rs to Panx1. Microglia localized in the LMC have been previously shown to be in an activated state (Mac-2 staining) (Rigato et al., 2011) , but the proportion of activated microglia in the LMC was not significantly different ( p Ͼ 0.1) between P2X7RϪ/Ϫ (20 Ϯ 0.5%; N ϭ5) and wild-type (20.5 Ϯ 0.6%; N ϭ 5) (Fig. 5 A, B) . Accordingly, P2X7R was not involved in embryonic microglia activation at E13.5. Finally, MN developmental cell death at E13.5 was not affected in P2X7RϪ/Ϫ mouse embryo. No difference ( p Ͼ 0.1) in activated caspase-3 staining in the ventral region of the SC was found between wild-type (3.18 Ϯ 0.12% fluorescence/area; N ϭ 4) and P2X7RϪ/Ϫ (3.24 Ϯ 0.15% fluorescence/area; 40 slices, N ϭ 4) (Fig. 10C,D) . 
Discussion
Our results demonstrate a new physiological role of P2X7R during SC embryonic development. Microglia in the SC of the mouse embryo already express functional P2X7R at the onset of MN developmental cell death and synaptogenesis (Scain et al., 2010; Rigato et al., 2011) . P2X7R activation by high concentration of ATP evokes a biphasic current in embryonic microglia, but our results indicate that although these cells express Panx1, there is no functional coupling of P2X7R to Panx1 in the embryo. Our results also demonstrate that P2X7R expression is required for the proliferation, but not for the activation of embryonic spinal microglia at the onset of MN developmental cell death. Since proliferation of nonactivated microglia is also affected in the SC of P2X7RϪ/Ϫ mouse embryos, our results also suggest that embryonic microglia proliferation and activation are controlled by two independent mechanisms.
Functional P2XRs expressed by embryonic microglia in situ
It is now well accepted that microglia express P2X1R, P2X4R, and P2X7R, both in vitro and in vivo in the adult (Kettenmann et al., 2011) . Their expression in prenatal microglia (Xiang and Burnstock, 2005) , let alone their function, was, however, unknown. Although we found low P2X1R mRNA expression in embryonic microglia, we cannot exclude the possibility that functional P2X1Rs are expressed on the cell membrane. P2X1Rs have fast desensitization kinetics (Parker, 1998) , which render their detection difficult due to the relatively slow drug exchange in our ex vivo preparations (0.5-1 s). In embryonic SC microglia, P2X4R transcripts were the most abundantly expressed, as shown by qPCR, but our immunohistochemical results indicate that most P2X4Rs are rather located within the cytoplasm. This can result from a fast turnover of this receptor at the cell membrane (Royle et al., 2005) . Our results contrast with recent data showing that P2X4Rs are functional in BV2 microglia cell lines and in cultured postnatal microglia (Bernier et al., 2012) . This was unlikely to be the case in embryonic SC microglia of E13.5 mouse embryo, according to the pharmacological profile of ATP-evoked currents and to experiments performed on microglia of P2X7RϪ/Ϫ mouse embryos. Such an apparent discrepancy between our results obtained in situ and those recently described in culture could be explained by the activation state of cultured microglia. Cultured microglia adopt an activation state that can be variable depending on the culture conditions (Kettenmann et al., 2011) , which could favor the membrane expression of P2X4R. Effectively, surface expression of P2X4R is increased by exposure of microglia to proinflammatory bacterial lipopolysaccharides, which mimic microglial activation observed in pathological conditions (Raouf et al., 2007) .
Although our data demonstrate that P2X7R expression is required for ATP-evoked biphasic responses, the pharmacological profile of P2X7R is somewhat different from that classically described, especially with regard to the BBG potency in inhibiting ATP-evoked currents in transfected cells (Jiang et al., 2000) . However, BBG efficiency on P2X7R largely depends on the method used to measure P2X7R activation and on animal species. (DonnellyRoberts et al., 2009) . We cannot completely rule out the possibility that BBG concentrations reaching the receptors were lower in situ than expected, but BBG has been applied 3 min before ATP, which is Ͼ40 times longer than necessary to reach equilibrium for other molecules in our preparation. Alternatively, a low BBG efficiency might (Figs. 3, 6 ).
indicate the expression of heteromeric P2X7/P2X4Rs, which is also consistent with the low efficiency of Zn 2ϩ on ATP-evoked current (Guo et al., 2007) . However, this hypothesis is not supported by our experiments (Fig. 5A) showing a lack of inhibition of ATP-evoked current by TNP-ATP (Guo et al., 2007) . Another possibility might be that homomeric P2X7Rs and homomeric P2X4Rs directly interact, as previously proposed in cultured microglia (Boumechache et al., 2009 ), but the pharmacological consequences of such an interaction remain unknown. A lack of effect of Zn 2ϩ on ATP-evoked current was surprising (Fig. 5G ), but the Zn 2ϩ effect on P2X7R remains controversial and depends on the preparation used. Indeed, Zn 2ϩ has a low potency on rat P2X7R expressed in oocytes (Coddou et al., 2002; Acuña-Castillo et al., 2007) , when compared with rat P2X7R expressed in transfected HEK cells (Liu et al., 2008) .
P2X7R is not coupled to Panx1 in embryonic microglia
Our results indicate that P2X7R is not coupled to Panx1 in embryonic microglia in situ, which contrasts with results previously obtained in the adult and in vitro. Accordingly, the biphasic ATP response reported in our experiments rather reflects integral pore dilatation of P2X7Rs (Yan et al., 2008) . However, out data do not rule out the possibility that P2X7R activation can evoke the formation of Panx1 plasma membrane pore in more mature microglia, as proposed in BV2 microglial cell line and in cultured microglia (Bernier et al., 2012) . It could be envisioned that the difference in P2X7R/Panx1 interaction between embryonic microglia and adult microglia reflects a developmental process. Another consequence of the interaction of P2X7R with Panx1 is their induction of cell death (Locovei et al., 2007) . In that respect, immature T-cells are less sensitive to cell death evoked by P2X7R activation when compared with mature T-cells (Tsukimoto et al., 2006) . A lack of coupling between P2X7R and Panx1 in embryonic microglia may prevent this detrimental effect without affecting other P2X7R functions. Nevertheless, recent data also suggest that there is no functional coupling of P2X7R to Panx1 in mature macrophages. Effectively, the activation of P2X7R by ATP in- creases bone marrow-derived macrophages membrane permeability independently of Panx1, indicating that Panx1 is not essential for P2X7R channel formation (Qu et al., 2011) . Panx1 activation independently of P2X7R signaling (Qu et al., 2011) was proposed to release a nucleotide "find me" signal from apoptotic cells (Chekeni et al., 2010; Qu et al., 2011) allowing purinergic receptor activation on phagocytes. This nucleotide release pathway is unlikely to be involved in the embryonic SC, at least at the onset of MN developmental cell death. Indeed, we did not observe any Panx1 expression in MNs at E13.5. The activation of P2X7R by an autocrine release of ATP by microglia through Panx1 activation seems also unlikely, since we did not find evidence for spontaneous activation of Panx1 expressed by embryonic microglia.
P2X7Rs control microglia proliferation independently of microglia activation
It has been previously proposed that microglia proliferation is an important mechanism that allows an increase in activated microglia density in response to brain injury (Kettenmann et al., 2011) . By showing that P2X7R can control microglia proliferation during their early embryonic SC colonization, our results reveal a new physiological role of P2X7R on microglia in vivo that does not require pathological events leading to microglia activation. Although experiment performed in cultured microglia cell line and primary microglia have suggested that P2X7R activation promotes both microglia proliferation and activation (Bianco et al., 2006; Monif et al., 2009) , our results clearly indicate that P2X7R is not involved in embryonic microglia activation. The reduction in microglia proliferation marker (KI67) observed in P2X7RϪ/Ϫ embryonic SC microglia was not restricted to Mac-2-positive cells, but was also observed in nonactivated cells, which lends further support to the conclusion that in vivo P2X7R controls microglia proliferation, either independently of its activation, or through a different mechanism. We determined the microglia activation state using Mac-2 staining (Rigato et al., 2011) . Because Mac-2 (also named galectin-3) marks a unique state of activation in microglia that correlates to phagocytosis behavior (Dumic et al., 2006; Rotshenker, 2009 ) and promotes phagocytosis by macrophages (Sano et al., 2003) , we can ascertain that P2X7R was not required to engage embryonic microglia in a phagocytic phenotype. An increase in cytosolic calcium level is known to induce proliferation of primary microglia cultures (Schwab et al., 2001 ) and of cultured N9 murine microglia cell line in response to P2X7R activation (Bianco et al., 2006) . Accordingly, it is possible that embryonic microglia proliferation requires an increase in cytosolic calcium level provided by P2X7R activation (Egan and Khakh, 2004) . The regional distribution of microglia within the parenchyma and their aggregation close to dying MN was not affected in P2X7RϪ/Ϫ embryonic mice, demonstrating that P2X7R is not involved in embryonic microglia migration and attraction by dying cells. At least in the adult, microglia migration and aggregation at damaged sites are regulated by several chemokine receptors (Kettenmann et al., 2011) . In addition, microglia localized in the MN area showed an amoeboid morphology at the onset of MN developmental cell death. This morphological change is unlikely to result from P2X7R expression by microglia as amoeboid cells were still observed in P2XRϪ/Ϫ embryonic mice SC. Such a morphological change of activated microglia in the embryonic SC could result from the activation of adenosine A2 receptors by adenosine as recently shown in culture and in the adult brain (Orr et al., 2009 ).
In conclusion, our experiments revealed that embryonic microglia activation and proliferation can be controlled independently and that embryonic microglia proliferation is mainly under the control of P2X7Rs. Our data thus reveal a new role of this receptor during the SNC development by regulating embryonic microglia proliferation without the need of its interaction to Panx1 during their initial SC colonization.
